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 The poor color rendering index (CRI) induced by mono chip and phosphor 
configuration in the conventional white-light light-emitting diode (LED) 
urges for developments in both packaging and material, thus, a modern 
lighting solution was introduced. The dual-layer phosphor package is an 
innovative configuration that can retain the lumen output of conventional 
white light emitting diode (WLED) while also enhancing color quality. The 
structure of dual-layer phosphor package that was proposed includes two 
chips and one phosphor. The priority in this research is to keep improving the 
lighting properties of WLED, therefore, further experiments with this dual-
chips and dual-phosphor package are conducted. The lighting properties of 
LED are measured multiple times with its nitride-based phosphor being 
altered in proportions and densities each occasion, the results are calculated 
with a color design model made specifically to monitor and adjust the color 
of white-light from LED to match desired outcome. The WLED at 5600 K 
correlated color temperature (CCT) is the sole research object of the 
experiments. The measured parameters from the 5600 K WLED and the 
color coordinates of CIE 1931 simulated from the color design model show 
that 0.0063 is the highest possible discrepancy at 5600 K (CCT).  
The information from this manuscript provide the manufacturers with the 
most efficient approach to create a white LED that has good color quality, 
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Lighting devices that emit white light by converting phosphor materials (pc-LEDs) is an outstanding 
lighting solution with formidable performance in terms of life expectancy, manufacturing cost, lighting 
efficiency, endurance against impacts, and space-saving, thus, received growing attention in the lighting 
industry [1-3]. The white LED is expected to replace conventional lighting methods, although as the lighting 
demands evolve, the white light emitting diode (WLED) need to enhance their advantages while improving 
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the existing weakness [4-6]. The evidence is that with the recognition that WLED has acquired, it is being 
utilized in not only indoor but also in harsh conditions of outdoor lighting, and recent discovery in fast-witch, 
WLED is now an essential part of smart lighting and other automatic technologies [7-9]. To keep pressing the 
growing pace, WLED must achieve further improvements, especially in color rendering index (CRI), an 
aspect that WLED usually struggle with [10-12]. The color rendering index (CRI), which is the result from 
the comparison between LED light and natural sunlight or black-body radiation, is the most commonly used 
parameter to evaluate the quality of light from an LED. The light source with wider spectrum is closer to the 
ideal emission range of black-body radiation and has better rendering ability, which reflects in the color 
quality [13, 14]. There are several method that have been proposed to constitute white light, yet combining 
one blue chip and one yellow phosphor in an LED package is the most commonly for the cheap cost and 
convenient for mass production. However, the problem with this method is the low emission spectra so that 
the WLED created this way cannot fully exploit the light at higher wavelength resulting in poor CRI and low 
light quality. The solution of adding one more chip alongside the blue one and the yellow phosphor was 
proposed for this issues that there are many results from previous reports have confirmed the effectiveness of 
the additional phosphors in enhancing LEDs emission spectrum leading to high color quality color and  
CRI [15-18].  
The LED parameters along with the emission spectrum of phosphor are measured and extensively 
studied using empirical and mathematical models, and the results provide useful knowledge in the 
development of light color and CRI. However, a systematic method to create a pc-LEDs with tunable color 
temperature, good lumen output, and chromatic performance is yet to be found. Solutions were proposed to 
achieve this goal and two methods were able to yield notable results despite still having drawback. The first 
one is using a dual-phosphor LED to obtain high CRI, however, the lighting efficacy from this solution is not 
very remarkable due to Stokes Shifts. The second solution applies an dual-chip configuration with individual 
red and blue chips with conventional phosphor material that exhibits excellent results in color quality and 
light output although the color unchangeable. Therefore, combining these two solutions and using a LED 
package with two chips and two phosphors is the suggested idea to obtain all three requirements of high CRI, 
luminous efficacy and tunable color. Using Beer’s law [19-22] and linear conversion in the lighting device 
simulation process, we introduce a color design model that can slightly adjust the chromatic indication.  
The simulated WLED model consists of the yellow-emitting YAG:Ce phosphor and high performance 
chromatic LED chips. Being a material that is fairly easy to create, the MgSr3Si2O8:Eu2+ phosphor minimizes 
the cost on the manufacturing process and not to mention the great and consistent lighting performance at 
high temperature which rendered MgSr3Si2O8:Eu2+ phosphor as an excellent material for the construction of 
heavy duty and high durability lighting devices. The nitride-based phosphor we have chosen to include in the 
experiments is the MgSr3Si2O8:Eu2+ phosphor that emits deep red light at 681 nm wavelength. The white 
LEDs used in the experiments have different phosphor proportions and densities and two types of red LEDs 
to ensure the accuracy as well as diversity of the research result. The suitability and simplicity in application 




2.1.  Preparation 
The red phosphor used in the experiments is Mg8Ge2O11F2:Mn4+, a type of phosphor that has a deep 
red light emission and reach 1.88 eV emission power at peak. The red-light component added from 
Mg8Ge2O11F2:Mn4+ will strengthen the chromatic quality and allow the color of white light to be adjusted. 
The process of making Mg8Ge2O11F2:Mn4+ consists of 3 main steps: mixing, firing and re-firing. First, mix 
the ingredients for Mg8Ge2O11F2:Mn4+ by ball-milling. After that, place the compound in capped quartz tubes 
filled and burned at 1200°C for 2 hours. The product from the first firing process is a solid lump that to be 
ball-milling in to powder before starting the next firing process. In the second firing process, use open quartz 
tubes filled with air to contain the powder, then put it the furnace at 1200°C for about 16 hours (overnight). 
The producing process of Mg8Ge2O11F2:Mn4+ need to be followed strictly to ensure the quality of the 
phosphor outcome, the final product from the process is store in a sealed container to avoid contamination.  
 
2.2.  Simulation 
The LightTools program and Mie-theory are the primary tools to create the simulation of dual-layer 
phosphor WLEDs, see Figure 1 (a). The WLED simulation is applied to the measurement of phosphor 
scattering properties and the results from which are used to evaluate the influences of Mg8Ge2O11F2:Mn4+ 
phosphor on the performance of the WLEDs at 5600 K CCT. The red phosphor Mg8Ge2O11F2:Mn4+ and 
yellow phosphor YAG:Ce3+ are combined and placed in the in-cup phosphor configuration as illustrated in 
Figure 1 (b) and Figure 1 (c). The phosphor layers of WLEDs are formed by merging the red phosphor, 
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yellow phosphor, and the silicone resin. Figure 1 (d) demonstrates the packaging order of WLED which show 
9 blue chips at the bottom covered by reflector cups, phosphor layers and a silicone layer. The reflectors used 
in the simulator are 2.07x8x9.85 mm in height, base and summit are. Each chip contained in the reflector 
emits an 1.16 W at the highest lighting intensity of 453 nm, and the refractive index of red phosphor 
Mg8Ge2O11F2:Mn4+ is 1.85 and yellow phosphor YAG:Ce3+ 1.83. The concentrations of Mg8Ge2O11F2:Mn4+ 
and YAG:Ce3+ are constantly balance against each other to stabilize the ACCTs. 
 
 
    
(a) (b) (c) (d) 
 
Figure 1. (a) 3D modelling, (b) Bonding diagram, (c) WLEDs packaging order,  





Figure 2. The balancing between Mg8Ge2O11F2:Mn4+ and YAG:Ce3+ concentrations to maintain  
the average CCT 
 
 
3. COMPUTATION AND DISCUSSION 
Figure 2 illustrate the balancing of red phosphor Mg8Ge2O11F2:Mn4+ and yellow phosphor 
YAG:Ce3+ to maintain the ACCT. The graph show that the concentration of Mg8Ge2O11F2:Mn4+ and 
YAG:Ce3+ are disproportional, which means as the concentration of Mg8Ge2O11F2:Mn4+ increases from  
2-26% wt., the concentration of YAG:Ce3+ must be decreased accordingly. The adjustment of YAG:Ce3+ 
concentration in the opposite direction of Mg8Ge2O11F2:Mn4+ can keep the average CCTs and can also 
modify the emission and absorption properties of phosphor layers that affect the WLEDs color quality and 
light output. These results prove the influence of Mg8Ge2O11F2:Mn4+ on the performance of WLEDs at  
5600 K color temperature.  
The impact of red phosphor Mg8Ge2O11F2:Mn4+ on the emission spectra of WLEDs are 
demonstrated in Figure 3. In 5600 K WLED, the white light is yielded from the special regions shown in this 
graph. The red line, which demonstrate the phosphor concentration at 20%, indicates a light emission 
increase in wavelength band from 648–738 nm, in comparison to the insignificant changes when the 
concentration is at 2%. The spectral development that Mg8Ge2O11F2:Mn4+ bring to the phosphor in WLEDs is 
outstanding considering how the lighting intensity at 420-480 nm wavelength and 500-640 nm wavelength both 
rise with the presence of Mg8Ge2O11F2:Mn4+ disregarding the amount. The spectral increases at 420-480 nm and 
500-640 nm also known to excite the scattering properties of blue light. Another element that also affect the 
emission spectra of WLED is the color temperature, which boost the emission spectra as it gets higher. Thus, 
the Mg8Ge2O11F2:Mn4+ phosphor is proven to not only effective in enhancing emission spectra of WLEDs 
with low color temperature such as 5600 K but also WLED with high color temperature up to 7700K. This is 
an important point in applying Mg8Ge2O11F2:Mn4+ phosphor and managing the light quality of WLEDs. 
However, high color quality WLEDs may experience a small decrease in luminous flux. With that being said, 
the manufacturers have to choose the concentration level suitable for the production of WLEDs that satisfy 
their demands. 
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Figure 3. The emission spectra changes according to Mg8Ge2O11F2:Mn4+ concentration in 5600 K WLEDs 
 
 
Figure 4 illustrates how color rendering index (CRI) changes when there is Mg8Ge2O11F2:Mn4+ 
phosphor in WLED package. As Figure 4 suggests, the CRI rise with Mg8Ge2O11F2:Mn4+ concentration at all 
concentration levels from 2-20%, which is the result of the Mg8Ge2O11F2:Mn4+ absorption properties. After 
absorbing the light from the blue chip, the phosphor particles from Mg8Ge2O11F2:Mn4+ transform the blue 
light into red light. Although Mg8Ge2O11F2:Mn4+ also absorb yellow light along with the blue light from LED 
chip, however, red light component is still dominant as Mg8Ge2O11F2:Mn4+ absorb more blue light due to the 
nature of the material. Therefore, the color rendering index (CRI) is improved when the red phosphor 
Mg8Ge2O11F2:Mn4+ is available because of the increased red-light component. High CRI in WLED means the 
chromatic performance is good and increase the market value of the WLED, however, it also means the 
manufacturing cost will be higher. This is when the cost effectiveness of Mg8Ge2O11F2:Mn4+ become useful 
because it lowers the manufacturing cost of WLEDs and make red phosphor Mg8Ge2O11F2:Mn4+ suitable for 
mass production.  
CRI is the most common quality indicator, yet the assessment scope of CRI is fairly limited, so to 
say the quality of a WLED is good. Therefore, solely rely on the CRI to evaluate may not be sufficient. As a 
result, color quality scale (CQS) a quality indicator that includes the color rendering index, the preference of 
the viewer, and the color coordinates, is better for further assessment of WLEDs quality and more reliable. 
Figure 5 presented the calculated CQS in dual-phosphor WLED with Mg8Ge2O11F2:Mn4+ phosphor. The CQS 
rises by a huge margin when red phosphor Mg8Ge2O11F2:Mn4+ concentration increases. The enhanced CQS is 
significant and confirms the effectiveness of red phosphor Mg8Ge2O11F2:Mn4+ in color quality development 
of dual-layer phosphor structure. This is an important finding regarding how impactful it is to the increase of 
color quality, however, applying red phosphor Mg8Ge2O11F2:Mn4+ can damage the luminous flux which is 
presented in Figure 6. The mathematical model provided in the next part is the tools to study the cause behind 
this phenomenon. The calculation of blue radiation and yellow light conversion in the double-layer phosphor 
structure are presented. These are the two important features that can directly affect the performance of 


































The lighting energy of lighting configuration utilizing yellow YAG phosphor and blue LED chip 
can hypothetically be considered as the common emission wavelength range between the two chromatic light 
spectra. Practically speaking, yellow phosphor emits energy in yellow spectrum and part of green light. 
Therefore, calculating the emitted energy of green emission spectrum and compares it to the conventional 
SPD with blue and yellow spectra can point out the changes that dual-layer configuration bring to light 
quality. In this manner, the green wavelength range is added to the dual-layer model and form triple spectrum 
model (B-G-Y), which results is represented in (3) and consequently replaced by (4). 
 
                ISSN: 1693-6930 




Figure 4. The correspondence between the color 
rendering index and Mg8Ge2O11F2:Mn4+ 
concentration in 5600 K WLEDs 
 
Figure 5. The correspondence between color quality 
scale and Mg8Ge2O11F2:Mn4+ concentration in  
5600 K WLEDs 
 
 
In which, Pλ is spectral power distribution (SPD) (mW/nm). h is Planck’s constant (J.s). Speed of 
light is presented by c (m·s−1). λ is the wavelength in nm. Optical power of the light source is Popt (W). 
λpeak is peak wavelength where light reach the highest intensity (nm). Δλ Full-width at half-maximum 
(FWHM) (nm). The ratios of blue-green-yellow (B-G-Y) spectra to white spectrum, which are dimensionless, 
are expressed respectively as 𝜂𝑏, 𝜂𝑔and 𝜂𝑦.𝑃𝑜𝑝𝑡_𝑏, 𝑃𝑜𝑝𝑡_𝑔, 𝑃𝑜𝑝𝑡_𝑦 and 𝑃𝑜𝑝𝑡_𝑡𝑜𝑡𝑎𝑙 is the optical power (W) of 
each individual spectrum of blue, green, yellow and white. 𝜆𝑝𝑒𝑎𝑘_𝑏, 𝜆𝑝𝑒𝑎𝑘_𝑔 and 𝜆𝑝𝑒𝑎𝑘_𝑦 represent the peak 




























































𝜎𝑏, 𝜎𝑔 and 𝜎𝑦 in turn are the FWHM-related coefficients (nm) for the blue, green, and yellow 
spectra. This mathematical models for SPC in WLEDs with phosphor layer can be perceived as a tricolor 
spectrum and an extended Gaussian model. The scattering of Mg8Ge2O11F2:Mn4+ phosphor particle was 
analyzed by using the Mie-theory. In addition, the scattering cross section Csca for spherical particles can be 
computed by the following expression through applying the Mie theory. The calculation of total emitted light 
can base on Lambert-Beer law:  
 
𝐼 =  𝐼0 𝑒𝑥𝑝(−µ𝑒𝑥𝑡𝐿) (5) 
 
The incident light power is expressed as I0 in this formula. L represents the thickness of phosphor layer 
measured in mm. The extinction coefficient is µext and can be determined through the equation of  
µext = Nr.Cext, with Nr being the number density distribution of particles (mm-3) and extinction cross-section 
of phosphor molecule is Cext (mm2). 
The result of luminous flux analysis in dual-layer remote phosphor structure computed according  
to (5) shows superiority in comparison to the luminous flux of single-layer structure. It can be concluded that 
the advantage dual-layer remote phosphor structure has on the lighting properties enhancement comes from 
the addition of Mg8Ge2O11F2:Mn4+, therefore, managing the concentration of Mg8Ge2O11F2:Mn4+ is an 
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essential task. Even though the concentration of Mg8Ge2O11F2:Mn4+ and the extinction coefficient µext 
increase together according to the Lambert-Beer law, which improves the light absorption, the increase in 
Mg8Ge2O11F2:Mn4+ concentration is unfavorable for the light energy transmission. In particular, the luminous 
flux declines if the alteration of phosphor layer thickness increase the concentration of Mg8Ge2O11F2:Mn4+. 
The reduced luminous flux at all CCTs rises when Mg8Ge2O11F2:Mn4+ concentration increase, and especially 
noticeable at 16% Mg8Ge2O11F2:Mn4+. Concentration and the graph exhibited in Figure 6 is the practical 
example of the previous statement. Although the luminous flux is reduced when there is a presence of 
Mg8Ge2O11F2:Mn4+, using red phosphor Mg8Ge2O11F2:Mn4+ in dual-layer phosphor structure is still a suitable 
choice with the better overall performance considering the improvements it brings in the same concentration 
range to CRI from 68 rises to 78, CQS from 65 rises to 71, and the higher luminous flux compares to the 
single-layer structure. Therefore, the slight reduction in luminous is still reasonable as long as the overall 
performance is better. By considering the gain in CRI, CQS and loss in luminous flux with the results in this 
manuscript, the manufacturers can now choose an optimal percentage of Mg8Ge2O11F2:Mn4+ concentration 





Figure 6. The luminous output (LO) responses to the presence of Mg8Ge2O11F2:Mn4+ concentration in  




Through numerous experiments that involves constant adjustments of the phosphor emission 
spectrum, this research has verified the effectiveness of Mg8Ge2O11F2:Mn4+ and therefore, suggests it to be 
used dual-layer phosphor Mg8Ge2O11F2:Mn4+ structure for lighting developments. Specifically, WLEDs with 
Mg8Ge2O11F2:Mn4+ phosphor in their phosphor layer will have high CRI and CQS as well as the ability to 
adjust the color of white light. The only problem is the deteriorating luminous output in WLED package 
when Mg8Ge2O11F2:Mn4+ concentration increase, therefore, manufacturers must consider a suitable phosphor 
concentration for this tradeoff between CRI, CQS and luminous flux. Although the application of 
Mg8Ge2O11F2:Mn4+ may results in a decline in luminous flux, the light output value in dual-layer phosphor 
package is still acceptable because it is far more superior to that of the single-layer phosphor package.  
To serve the purpose of fabricating WLEDs with different shades of white lights, a quality enhancement 
structure was created from the theoretical application of Beer’s law and linear conversion. According to the 
calculation from WLED at 5600 K CCT, the largest possible discrepancy between models is around 0.0063, 
which show that the measured and simulated CIE 1931 are not too dissimilar to cause diversion to the results, 
thus, ensure the reliability of the calculation conducted in this manuscript. This research shows positive 
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